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 
Abstract— A finite width thin metal film plasmonic 
nanowire with its unique feature of sub-wavelength light 
guiding is finding many applications in compact integrated 
nanophotonic circuits and sensors. Full-vectorial finite 
element method (FV-FEM) is becoming an important 
simulation tool for the analyses of such exotic waveguides. 
Instead of a penalty approach reported earlier, a more 
direct divergence formulation considering each discretized 
element’s optical properties to eliminate non-physical 
modal eigenvectors has been exploited and is reported 
here. Long and short-range fundamental and higher order 
plasmonic modes and supermodes of a pure metal 
nanowire and their evolutions with waveguide geometry, 
surrounding identical and non-identical dielectric cladding 
materials and operating wavelength are thoroughly 
studied. Interesting long-range modal properties such as, 
supermode formation, complex phase matching and mode 
evolution in identical and non-identical clad metal 
nanowires have been observed and explained in detail 
including supermode profiles. This study is expected to 
help in understanding the evolution of plasmonic guided 
modes in compact active and passive integrated photonic 
devices containing metal narrow strips.   
 
Index Terms— Computational electromagnetic methods, Finite 
element method, Surface plasmon, Plasmonics, Waveguides. 
I. INTRODUCTION 
ntegration of photonic devices and nano-electronics are 
challenging due to ingrained diffraction limit of 
electromagnetic energy supported by dielectric media. The 
surface plasmon polaritons (SPPs) can be one of the solutions 
to overcome this difficulty. Comparing with other nano-scale 
waveguides, such as, high-index contrast silicon-on-insulator 
(SOI) nano-wires and photonic crystals (PCs), surface 
plasmon (SP) shows a true nano-scale light guiding. The light 
guiding characteristics of conventional dielectric waveguides 
and pure plasmonic waveguides are opposite in nature. A 
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high-index contrast SOI nano-wire confines light in the high 
index region with a relatively low propagation loss and 
hundred nanometer size mode area are also key properties of 
these structures [1], [2]. However, a pure metal plasmonic 
waveguide although provides a more compact light guiding 
but often with a very higher propagation loss [3]. In case of a 
plasmonic nano-guide, where its width is comparable to its 
height, plasmonic mode also forms along their vertical 
interfaces and combined with the plasmonic modes at the 
horizontal interfaces. Their phase matching and evolutions are 
more complex. This in turn requires a methodical investigation 
of pure plasmonic modal properties to design the compact 
long-range plasmonic and hybrid plasmonic waveguides [4], 
[5] of the future to exploit the unique features of SPPs in the 
applications of nano-dimensional passive waveguides, devices 
[6], [7], and for bio-chemical [8] and gas sensing [9]. 
    The SPP denotes a surface propagating electromagnetic 
wave which shows a sub-wavelength energy confinement at 
the conducting metal and dielectric interface. The 
complimentary optical properties of noble metals and 
dielectrics at the interface in visible and near infra-red (NIR) 
region helps to excite the SP waves. These modal fields show 
a strong spatial variations and tight confinement at the 
interface and decays exponentially away from this interface. In 
case of a thin metal film bounded by dielectrics, two interface 
modes come closer and couple to form plasmonic supermodes 
(PSM). Due to ohmic loss in the metals these SPP modes have 
short propagation length. The pure plasmonic modes are 
transverse magnetic (TM) polarized and evanescently 
confined in the direction normal to the propagation. In this 
work, we have considered the widely-used telecommunication 
wavelength 1550 nm for SPP modal excitations.  
 
The design and application of plasmonic and hybrid 
plasmonic waveguides require a clear knowledge of the basic 
SPP modes and their characteristics and evolution with the 
waveguide geometry, surrounding materials and operating 
wavelength variations. Thus, the plasmonic modal 
investigation of a thin metal film with finite width is 
important. To accomplish this objective a numerically 
efficient and accurate divergence modified H-field based full-
vectorial finite element method (FV-FEM) is presented and 
used as a simulation tool for modal analyses.   
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II. THEORY 
For the accurate characterization of a SPP based waveguide 
requires an exact calculation of the complex modal 
propagation constant (𝛽), effective indices (𝑁𝑒𝑓𝑓), effective 
area (𝐴𝑒𝑓𝑓) and full-vectorial dominant and non-dominant 
field profiles of various modes. All these parameters can be 
determined by solving the Maxwell's equations with 
appropriate boundary conditions for the waveguide. For a 
complex structured waveguide with isotropic or anisotropic 
media, an analytical or semi-analytical approach exhibits 
mathematical difficulties. A full-vectorial H-field based finite 
element method shows the potential to characterize the 
arbitrary shaped waveguide problems. 
A. Divergence Modified Full Vector Finite Element Method 
In 1956, Berk [10] suggested several approaches to 
formulate the electromagnetic (EM) fields into a variational 
form. However, the H-field based formulation is the most 
favorable than the others (E-field, E+H-field and 𝐸𝑧 + 𝐻𝑧) as 
the H-field for optical waveguides is naturally continuous at 
the dielectric boundaries [11]. In this report, we have modified 
our in-house FV-FEM code based on the H-field based 
formulation to implement divergence condition for plasmonic 
waveguides. Following the minimum theorem, the initial 
variation of the functional 𝐹 based on Maxwell’s curl 
equations must be zero, 𝛿𝐹 = 0. This actually proves the 
stationarity of the functional by minimizing the energy 
associated with the functional. 
 
            𝐹 =  〈𝜖?̂?
−1(∇×𝑯), (∇×𝑯)〉 − 𝜔2〈?̂?𝑯, 𝑯〉               (1) 
 
Here the parameters 𝜔, 𝜖̂ and ?̂? are the angular frequency 
(𝜔2 being the eigenvalue), permittivity and permeability 
tensors, respectively. The braces in Eq. 1 indicates the inner 
product with the equation form of 〈𝑨, 𝑩〉 = ∬ 𝑩∗ ⋅ 𝑨 𝑑𝑥𝑑𝑦. 
The Euler form of the above equation satisfies the Helmholtz's 
equation but unfortunately that does not obey the Maxwell's 
two divergence equations and thus can generates unwanted 
spurious solutions along with the true physical solutions. 
Earlier, Rahman and Davies proposed a successful way of 
removing spurious solution by balancing the curl and 
divergence part with a penalty function method [12]. A global 
weighting factor close to the value of 1/𝑛𝑒𝑓𝑓
2  was used to 
incorporate the effect of divergence equation (𝑑𝑖𝑣 ⋅ 𝑩 = 0). 
This method has been very efficient to determine the accurate 
solution of a wide range of passive dielectric based 
waveguides, particularly with all positive dielectric constants 
but has been less effective for plasmonic waveguides where 
the SPs are guided by metals or composite structure of 
dielectrics and metals. Here, a more direct approach is 
proposed where, the contributions of both positive and 
negative permittivities of local materials are considered into 
additional divergence-divergence part. During formation of 
the global matrices of the curl-curl and divergence-divergence 
sections individual local dielectric constant of the discretized 
triangular element is considered. We finally obtain the 
modified form of the functional with additional divergence-
divergence inner product as 
 
𝐹𝑒 =  〈𝜖?̂?
−1(∇×𝑯), (∇×𝑯)〉 + 〈𝜖?̂?
−1(∇ ⋅ 𝑯), (∇ ⋅ 𝑯)〉
− 𝜔2〈𝜇?̂?𝑯, 𝑯〉                                          (2) 
 
Here 𝐹𝑒 denotes the standard variational functional for a 
single element. For 2D modal solutions, the field time 
dependence 𝑒𝑗𝜔𝑡 is assumed throughout and for a waveguide 
the z-dependency in the direction of propagation is taken as 
𝑒−𝑗𝛽𝑧. In case of three-dimensional electromagnetic 
waveguide and resonator problems the modal fields are 
distributed in all three directions. Thus, the same variational 
formulation can be used for a resonator problem without 
considering the wave propagation assumption [13]. It is also 
notable that the Euler equation of the modified functional (𝐹𝑒) 
satisfy Maxwell's both curl and divergence equations. Finally, 
following minimum theorem (𝛿𝐹 = 0) and integral form of 
the inner product we obtain a compact standard and stationary 
eigenvalue equation. 
 
𝜔2 = ∬ [(∇×𝑯)∗ ⋅ 𝜖?̂?
−1(∇×𝑯) +  (∇ ⋅ 𝑯)∗𝜖?̂?
−1(∇ ⋅ 𝑯)]𝑑𝑥𝑑𝑦
/∬ 𝑯∗𝜇?̂? . 𝑯 𝑑𝑥𝑑𝑦                                         (3) 
 
The solution of Eq. 3 provides the eigenvalues and 
associated eigenvectors. The modal propagation constant and 
effective indices (𝑁𝑒𝑓𝑓  = 𝑛𝑒𝑓𝑓 + j𝑘𝑒𝑓𝑓) can be calculated from 
the eigenvalues whereas, the associated eigenvectors represent 
the modal field distributions.  
 
Plasmonic waveguide modelling also requires accurate 
determination of modal power attenuation (𝛼) and propagation 
length (𝐿𝑝). The propagation length (𝐿𝑝) defines the 
waveguide length where mode power drops to 1/𝑒 of its initial 
value and this can be given as, 𝐿𝑝  = 𝜆/4𝜋𝑘𝑒𝑓𝑓. Additionally, 
the modal attenuation (𝛼) can be obtained from, 𝛼 = 4.343/𝐿𝑝. 
The light confined by the waveguide and surrounding media is 
determined by the modal effective area (MEA). As the E and 
H field profiles in a plasmonic mode have significantly 
different mode field profiles, we have followed the mode 
effective area calculation that included the z-component of 
modal Poynting vector (𝑆𝑧 = 
1
2
(𝑬×𝑯∗) ⋅ ?̂?), which considers 
the effect of both E and H fields:   
 
                 𝑀𝐸𝐴 =  (∬ 𝑆𝑧 𝑑𝑥𝑑𝑦)
2
∬ 𝑆𝑧
2 𝑑𝑥𝑑𝑦⁄                 (4) 
 
III. MODAL CHARACTERISTICS OF METAL NANOWIRE 
We study a silver (Ag) nanowire of finite width embedded in 
dielectric media. Depending on the background material 
distributions we have considered two different cases, (1) Ag 
nanowire with identical cladding, where semi-infinite lower 
clad (substrate) and upper clad (superstrate) have the same 
refractive index (𝑛𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 = 𝑛𝑠𝑢𝑝𝑒𝑟𝑠𝑡𝑟𝑎𝑡𝑒) and (2) Ag 
nanowire with non-identical cladding, where the lower and 
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upper clads have different refractive indices (𝑛𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 ≠ 
𝑛𝑠𝑢𝑝𝑒𝑟𝑠𝑡𝑟𝑎𝑡𝑒). Previously, some works on plasmonic bound 
and leaky modes for 1D planar lossy metal film [14] and 2D 
waveguides have been reported by using semi-analytical and 
numerical methods, such as reflection pole method [15], full-
vectorial finite element [16] and finite difference method (FV-
FDM) [17]. Berini has also reported a modal study of a 
metallic waveguide using the Method of Lines (MoL) [18, 19]. 
In our present work, we present a rigorous analysis of the 
plasmonic modal evolutions and light guidance by a metal 
nanowire surrounded by the high index CMOS compatible 
dielectric material of refractive index around 3.5 by using our 
newly divergence modified dedicated in-house full-vectorial 
finite element method (FV-FEM) at the widely-used 
communication wavelength, 𝜆 = 1550 nm. We have also 
presented the accurate field profiles of these supermodes and 
explained their evolution with the help of mode effective area 
(𝑀𝐸𝐴), particularly when its width is comparable to its height. 
Throughout the simulation process the computational domain 
is discretized with the 1,280,000 triangular elements 
(800×800 mesh) and a special care has been taken in mesh 
distribution, so that the maximum element size was less than 
0.2 nm around the metal core to resolve the sub-wavelength 
light confinement at the metal-dielectric interfaces and corners 
accurately. The efficiency and stability of the new divergence 
modified FEM approach is tested for different mesh sizes. 
Figure 1 shows the real effective index (𝑛𝑒𝑓𝑓) variation with 
the mesh sizes. The 𝑠𝑠0 fundamental mode (Fig. 2(b)) of the 
identically clad metal nanowire of dimension 1000×100 nm2 
is considered here (discussed in detail in section IV). The 
results of the new modified approach, shown by the orange 
solid line, shows a stable and monotonic convergence with the 
mesh. On the other hand, the 𝑛𝑒𝑓𝑓 obtained by using the 
earlier penalty method [12] shows a random nature (dashed 
purple line) with the similar meshes. It can also be noted that 
the modified method results in higher 𝑛𝑒𝑓𝑓 values and also it 
converges faster than the earlier method. Thus, the proposed 
method is more accurate and converges faster. An acceptable 
result can easily be obtained by a lower 400×400 mesh 
(320,000 elements) distributions. The insets (a) and (b) of Fig. 
 
 
Fig. 2. Schematic diagram of dielectric clad metal nanowire and its plasmonic mode field profiles simulated by FV-FEM at 1550 nm. (a) Schematic diagram 
of a silver (Ag) wire, (b)-(e) are the 𝐻𝑥 field distributions of four plasmonic modes, 𝑠𝑠
0, 𝑎𝑠0, 𝑠𝑎0 and 𝑎𝑎0, respectively and (f) is a higher order mode (𝑠𝑎1) 
guided the metal waveguide. Ag nanowire of width, W = 1000 nm and thickness, t = 100 nm are considered. 
 
Fig. 1. Real effective index (𝑛𝑒𝑓𝑓) variation of the fundamental 
plasmonic 𝑠𝑠0 mode in an identical clad metal nanowire (W = 1000 nm, 
t = 100 nm) with the FV-FEM mesh size. The orange solid and purple 
dashed lines indicate the 𝑛𝑒𝑓𝑓 determined by the new divergence 
modified FV-FEM and earlier penalty method, respectively. The insets 
(a), (c) and (b), (d) show the 1D-line plot of the 𝐻𝑥 field along y-axis of 
the 𝑠𝑠0 mode (magnified to the metal-dielectric interfaces) for a lower 
300×300 (180,000 elements) and a higher 1000×1000 (2,000,000 
elements) FV-FEM meshes, respectively.  
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1 show the 𝑠𝑠0 mode with noise-free dip in the middle 
(metal), solved by using the modified method. The top left (a) 
and right sided (b) insets are the simulated results using a 
coarser, 300×300 (180,000 elements) and a finer, 1000×1000 
(2,000,000 elements) meshes, respectively. The lower left and 
right sided insets (c) and (d) are the results of the same mesh 
distributions but with the earlier penalty approach. The mode 
fields in (c) and (d) show the dip inside the metal region but 
with considerable noise. However, with a very fine mesh 
(1000×1000), the field noises reduced by some degrees at 
expenses of high computational cost and time. Thus, the newly 
modified FV-FEM has not only successfully eliminated 
unwanted spurious plasmonic modes with a monotonic and 
fast converging mode propagation characteristic but also 
provides a clear and noise-free modal field profiles. 
IV. IDENTICAL CLADDING 
This waveguide structure contains a thin Ag metal strip 
surrounded by the semi-infinitely extended dielectric material 
(𝑛𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 = 𝑛𝑠𝑢𝑝𝑒𝑟𝑠𝑡𝑟𝑎𝑡𝑒), as shown in Fig. 2(a). When W → 
∞ this structure is equivalent to a plasmonic slab waveguide. 
When W >> t, due to high waveguide aspect ratio (W/t) the 
plasmonic modes formed on top and bottom metal-dielectric 
interfaces, however, when W is comparable to t mode also 
forms on the vertical sides and also at all four corners. All 
these modes have dominant magnetic field (𝐻𝑥). In this 
section, we only studied the bounded plasmonic modes and 
followed the same nomenclature as reported in [18, 19] for SP 
modes. Symmetric (defined by letter ‘s’) and asymmetric 
(defined by letter ‘a’) characteristics of modal profiles show 
four different combinations for fundamental plasmonic modes 
and the superscript 𝑚 denotes the mode order number, such 
as, 𝑠𝑠0, 𝑎𝑠0, 𝑠𝑎0 and 𝑎𝑎0 are four fundamental modes are 
shown in Fig. 2 (b)-(e). Here, the first and second letters 
identify the horizontal and vertical variations, respectively. 
Higher order modes are defined by the number (m > 0) of field 
lobes at the material interfaces, such as, 𝑠𝑎1 in Fig. 2 (f) with 
one Gaussian like bump on both sides of the metal wire.  
 
A. Modal Dependencies on Wavelength and Surrounding 
Cladding Materials 
Initially, we study the wavelength (𝜆) dependencies of four 
possible fundamental SP modes, as shown in Fig. 3. Two 
different metal widths (W) 1000 nm and 500 nm for a fixed 
thickness, t = 100 nm are considered, shown by the solid and 
dotted lines, respectively. Ag dielectric constant is strongly 𝜆 
dependent, determined here by the Kramers-Kronig relation 
[20] but the substrate and superstrate material is taken as a 
constant with its refractive index (𝑛𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 = 𝑛𝑠𝑢𝑝𝑒𝑟𝑠𝑡𝑟𝑎𝑡𝑒 =
2) throughout the wavelength spectrum, ranging from 633 nm 
to 1550 nm. All the effective indices (𝑛𝑒𝑓𝑓) curves for 
𝑠𝑠0, 𝑎𝑠0, 𝑠𝑎0 and 𝑎𝑎0 modes shown in Fig. 3 tend to converge 
asymptotically to the surrounding refractive index (𝑛𝑠 = 2) 
with the increasing 𝜆. The 𝑠𝑠0, 𝑠𝑎0 and 𝑎𝑎0 modes are guided 
over a broad wavelength spectrum range whereas, the 𝑎𝑠0 
mode shows a rapid approach to cut-off. The effective indices 
of 𝑠𝑎0 and 𝑎𝑎0 show almost similar 𝑛𝑒𝑓𝑓 values for W = 1000 
nm, however for a lower width (300 nm), these effective 
indices diverge from each other at higher 𝜆 and 𝑎𝑎0 mode 
shows a much steeper asymptotic convergence to the 
background index values. This implies that for lower W/t 
ratio, only the 𝑠𝑎0 mode will exist for further higher 
wavelengths. The 𝑠𝑠0 mode profile shows a field transition, 
but not shown here. At lower operating wavelengths, the 𝑠𝑠0 
mode supports distinct symmetric field confinement at four 
nanowire corners. That modal distribution is comparable with 
𝑠𝑎0 mode, shown in Fig. 2(d) but with either all + or all – field 
values at the four corners. As 𝜆 increases, the 𝑠𝑠0 field starts 
to evolve form four narrow corner spikes to the center of 
metal-dielectric interfaces so that the field makes a Gaussian 
like distribution along upper and lower interfaces, as shown in 
Fig. 2(b). This shows that at smaller 𝜆, fields are well 
confined, so weakly coupled and as a result more localized. 
No such 𝑠𝑎0 and 𝑎𝑎0 mode evolutions were observed over the 
wavelength range considered here.   
 
Fig. 3. Dispersions of different plasmonic modes with the operating 
wavelength (𝜆) ranging from 633 nm to 1550 nm. 
 
Fig. 4. Normalized effective indices variations of plasmonic modes with 
the surrounding identical material. The solid and dotted lines indicate the 
variations for W = 1000 and 500 nm, respectively when t is fixed at 100 
nm. The operating wavelength (𝜆 ) is fixed at 1550 nm. 
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Fig. 5. 𝑛𝑒𝑓𝑓 variations of plasmonic modes with metal width (W). The 
solid and dashed lines indicate the variations for two different thickness, 
t = 100 and 40 nm, respectively. 
Figure 4 depicts how strong all the four fundamental modes 
approach the background supported TEM modes with the 
reduction in refractive index value of surrounding material, 
shown by the normalized effective index (𝑛𝑒𝑓𝑓/𝑛𝑠) variations. 
In these cases, the wavelength is kept fixed at 1550 nm. Two 
different metal widths, W = 1000 and 500 nm with same 
thickness, t = 100 nm have been considered, shown by the 
solid and dotted lines, respectively. As the surrounding 
dielectric material refractive index decreases, for all plasmonic 
modes not only their effective indices decrease but also 
normalized effective index reduces and the mode fields spread 
more into the outer cladding. At a lower background refractive 
index, the modal effective indices approach the cladding 
refractive index value and their modal cut-off. The modes are 
then less bounded to the metal core and mostly guided by the 
background dielectric cladding, which also reduce the mode 
attenuation. Our study shows that the fundamental 𝑎𝑠0 and a 
higher order 𝑠𝑎1 mode for W = 1000 nm only exist for a high 
index cladding (𝑛𝑠 > 3.0) and approaches to the cut-off faster 
than the other modes. The 𝑠𝑠0 for both W = 1000 and 500 nm, 
reach to the cut-off earlier than the 𝑠𝑎0 and 𝑎𝑎0 modes. For 
the background refractive indices lower than 1.7 and 2.0 for W 
= 1000 and 500 nm, respectively only 𝑠𝑎0 and 𝑎𝑎0 exist. With 
reduction of metal W, the normalized effective indices of all 
the modes reach to the cut-off line i.e. 𝑛𝑒𝑓𝑓/𝑛𝑠 = 1 faster, 
except for mode 𝑠𝑎0 which did not converge to the cut-off line 
for the surrounding material of refractive index even when 
reached that of the free-space. Other 𝑎𝑎0 mode approaches to 
cut-off for free-space cladding and here it evolves into 
background dielectric guided quasi-TEM mode with very low 
modal attenuation of 1 dB/mm. However, all these behaviors 
described are at the operating wavelength of 1550 nm, and 
their modal evolution changes with the wavelength as shown 
in Fig. 3. 
B. Modal Dependencies on Waveguide Dimension 
    Our study shows strong SPP modal dependence with the 
structural parameters (W and t) of the metal film. In both 
cases, we assumed that the finite metal film is bounded by an 
identical medium, 𝑛𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 = 𝑛𝑠𝑢𝑝𝑒𝑟𝑠𝑡𝑟𝑎𝑡𝑒  = 3.5. Variations 
of mode effective index (𝑛𝑒𝑓𝑓) with the W for two different t, 
100 and 40 nm are shown in Fig. 5. The solid and dashed-
dotted lines denote the modal 𝑛𝑒𝑓𝑓 variations for t = 100 and 
40 nm, respectively. The 𝑛𝑒𝑓𝑓 of all modes (𝑎𝑎
0, 𝑠𝑠0, 𝑎𝑠0 and 
𝑠𝑎1) except 𝑠𝑎0 decrease with the reduction of W. For a large 
W, modes are well confined at the upper, lower and corners of 
the metal-dielectric interfaces. Decrease of modal effective 
indices towards the cladding refractive index indicates that the 
mode fields are less confined into lossy metal core and mostly 
spread into background dielectric medium. These also result 
less mode attenuation and consequently long modal 
propagation length (𝐿𝑝), as shown in Fig. 6. For wider W, the 
symmetrical and asymmetrical fields of 𝑠𝑎0 and 𝑎𝑎0 modes, 
respectively along x-direction are weakly coupled for a given 
thickness and both the modes travel with almost same 
propagation constants. As W reduces, symmetric corner fields 
of 𝑠𝑎0 mode along x-direction are strongly coupled with each 
other and the corner fields also spread all along the upper and 
lower interfaces. Thus, 𝑠𝑎0 mode gets more confined and its 
𝑛𝑒𝑓𝑓 increases when W reduces. On the other hand, for the 
𝑎𝑎0 mode, due to asymmetrical corner field distributions, 
fields cannot spread over the metal-dielectric interfaces rather 
dispersed into cladding medium. Hence its 𝑛𝑒𝑓𝑓 shows a 
steeper reduction towards background refractive index. These 
also indicates higher and lower mode attenuations (𝛼) for the 
𝑠𝑎0 and 𝑎𝑎0, respectively (Fig. 6). Additionally, with the 
reduction of t, the upper and lower interfaces come closer and 
the corner fields show a strong coupling as a result both the 
𝑠𝑎0 and 𝑎𝑎0 modes show an increase of 𝑛𝑒𝑓𝑓, away from the 
background refractive index, shown in both Figs. 5 and 7. 
These also correspond to the higher mode attenuations and 
lower 𝐿𝑝 that can be seen in the Fig. 6 and inset of Fig. 7. The 
symmetric mode field distributions along x and y-axes show a 
comparative low field confinement at the metal core rather 
mostly guided by the dielectric cladding. Thus, the 𝑛𝑒𝑓𝑓 of the 
 
 
Fig. 6. The main and inset figures show the mode propagation length 
(𝐿𝑝) of different SPP modes with metal width (W) for different 
thickness, t = 100 and 40 nm, respectively. 
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𝑠𝑠0 decreases and approaches towards the cut-off with 
reduction of both W and t (Figs. 4 and 6). At the cut-off, 
modes evolve to the cladding supported quasi-TEM mode. 
Thus, its modal attenuation decreases and 𝐿𝑝 increases as it 
approaches towards cut-off, shown in Figs. 5 and inset of 6. 
Another fundamental mode 𝑎𝑠0 (Fig. 2 (c)) with symmetric 
field along y-axis only exists for higher W (Fig. 5) that 
approaches to cut-off early. This also results an increasing 𝐿𝑝  
(Fig. 6) with W as it approaches its cut-off. This mode only 
exists for a limited range of t (do not exist for t < 50 nm, Fig. 
7). This can also be observed in Fig. 7 where its 𝑛𝑒𝑓𝑓 and 
mode attenuation decrease as the metal core thickness 
decreases. In this study, two fundamental modes 𝑠𝑠0 and 𝑎𝑠0 
show a much lower modal attenuation (𝛼) of 2.4 dB/mm (W = 
1000 nm and t = 15 nm) and 39.4 dB/mm (W = 1000 nm and t 
= 50 nm), respectively. Thus, it is expected that these modes 
can provide long range stability which could be useful for 
plasmonic based integrated optical applications. Besides the 
fundamental modes, we have also studied two higher order 
modes. Their mode evolutions are more complex. The 𝑠𝑎1 
mode (Fig. 2 (f)) sustains over higher range of W, shown in 
Fig. 6. Due to its asymmetric field distribution along y-axis, 
the mode field gets more confined as t decreases. Thus, both 
of its 𝑛𝑒𝑓𝑓 and 𝛼 increase with the reduction of t (Fig. 7). Here 
𝑎𝑎2 is another higher order mode with similar modal 
properties that only appears when metal layer is thinner. Some 
of their modal properties can be seen in Figs. 4, 5 and 6.    
V. NON-IDENTICAL CLADDING 
Evolution of coupled plasmonic modes with truly 2D 
confinement, but with identical cladding materials are shown 
above. However, in most practical cases, upper and lower 
cladding materials can be totally different (𝑛𝑠𝑢𝑝𝑒𝑟𝑠𝑡𝑟𝑎𝑡𝑒 ≠
𝑛𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒), hence not only their plasmonic modal profile will 
changes but also their phase matching. Thus, our next study 
involves the evolutions of such modes and plasmonic 
supermode (PSM) for non-identical cladded metal nanowire. 
Schematic of the structure was shown in Fig. 2 (a) but here 
with 𝑛𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 = 3.5 and 𝑛𝑠𝑢𝑝𝑒𝑟𝑠𝑡𝑟𝑎𝑡𝑒  = 3.3, a small index 
difference is considered.   
A. Asymmetric Mode Evolution with Waveguide Thickness (t) 
    In this section, we report the evolution of bound 
fundamentals and PSMs with metal film thickness (t) for two 
different widths (W). The modal 𝑛𝑒𝑓𝑓 and 𝐿𝑝 variations with 
the t and W are shown in the main and inset of Fig. 8(a). Three 
different plasmonic modes, such as, a PSM and two 
fundamental modes (𝑠𝑎0 and 𝑎𝑎0) were identical during the 
dimensional changes of metal film. For identical bounding 
material a given mode at upper and lower interfaces are 
always phase matched and they couple to form two complete 
symmetric and antisymmetric SP mode. Similarly, identical 
modes on the left and right interfaces couple to form SP 
modes. However, when the superstrate and substrate cladding 
materials are not the same, identical mode order cannot couple 
as their phase velocities are different, but modes of different 
orders at upper and lower (or left and right) interfaces can 
couples to form supermode but only when their propagation 
constants are similar. Here, the PSM forms due coupling of 
𝑠𝑠0 and 𝑠𝑎1 like modes that we had observed for identical 
clad metal waveguide. With different t, it shows a clear 
evolution which occurs due to coupling of individual upper 
and lower interface modes for a particular value of t. This 
PSM is named in a slightly different manner for better 
understanding, such as 𝐼𝐿
𝑚𝐽𝐾𝑈
𝑚. The first and third letters i.e. I 
and K indicate either symmetric (s) or asymmetric (a) 
horizontal (along x) fields at the lower and upper interfaces 
with superscript ‘m’ as the number of intermediate localized 
field maxima or minima that occurs at these interfaces. The 
second letter J also indicate either symmetric (s) or 
asymmetric (a) field distribution but along vertical (along y) 
direction. A notable field evolution for the long range 
asymmetrical PSM (𝑠𝐿
𝑚𝑎𝑠𝑈
𝑚) has been observed and its 
parameter variations are shown with metal thickness (t) for a 
fixed W = 1000 nm. Figures 7(c), (d) and (e) depict the 𝐻𝑥 
field profiles of that PSM for t = 100, 60 and 20 nm, 
respectively. In Fig. 8(c) the substrate (lower) interface field 
distribution exhibits two localized maxima at the corners and 
one minima at the center (𝑠1) whereas the superstrate (upper) 
interface shows only two localized minima at the corners (𝑠0), 
which combined to form a 𝑠𝐿
1𝑎𝑠𝑈
0  PSM. Two different 
individual modes at upper and lower interfaces have the same 
propagation constant (𝛽) and together they form the 𝑠𝐿
1𝑎𝑠𝑈
0  
PSM for t = 100 nm. As t decreases modes at both the 
interfaces start to interact as their coupling increases. The 
center maxima at the top interface grows gradually (Fig. 8(b)) 
due to a strong influence of the high index guided lower 
interface's 𝑠1 mode. Finally, at lower t = 20 nm, the upper 
field completely evolved due to strong coupling and the metal 
waveguide shows a perfect 𝑠𝑎1 mode, as shown in Fig. 2(f) 
which could also be named as 𝑠𝐿
1𝑎𝑠𝑈
1  PSM, shown in Fig. 8(e). 
Its 𝑛𝑒𝑓𝑓 and 𝐿𝑝 variations with t for W = 1000 nm are shown 
by the solid black lines in the main and inset of Fig. 8(a), 
respectively. The mode effective area (MEA) variations (blue 
solid line in Fig. 8(b)) with t indicates a clear modal evolution. 
At higher thickness, till t ≈ 25 nm, the upper interface 𝑠0 
 
 
Fig. 7. Plasmonic modal characteristics with metal nanowire thickness (t) 
for a fixed width, W = 1000 nm. The main plot shows the 𝑛𝑒𝑓𝑓 variations 
of all fundamental higher order modes and the inset shows the 
corresponding modal propagation length (𝐿𝑝) variations against t. 
0733-8724 (c) 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JLT.2017.2782710, Journal of
Lightwave Technology
 
mode evolves slowly whereas the 𝑠1 mode always maintain its 
form at lower interface. Here, in the substrate with higher 
refractive index, the mode field localizes more strongly than 
the superstrate with a lower refractive index. The 
corresponding 𝑛𝑒𝑓𝑓 and MEA curves maintain a continuous 
variation until t reaches around 25 nm. For the metal 
thickness, t = 25 nm the MEA shows the value of 0.22(𝜆2 /4) 
𝜇𝑚2. At lower t, due to the strong coupling between two 
interfaces and low index superstrate guiding the upper 𝑠0 
mode evolves faster and when t < 25 nm, its 𝑛𝑒𝑓𝑓 shows a 
steeper increment away from the background dielectric 
refractive indices. The PSM becomes more localized and well 
confined into lossy metal core (Fig. 8(e)). Thus, its 𝐿𝑝 and 
MEA decreases for a lower t. These PSM characteristics with t 
for a small non-identical clad waveguide also correlates with 
the combined behaviors of 𝑠𝑠0 and 𝑠𝑎1 modes for a 
symmetrical waveguide shown in Fig. 7. This proves that this 
PSM is a blended form of 𝑠𝑠0 and 𝑠𝑎1 modes at two 
interfaces. 
    For a lower W (600 nm), the PSM supported by a metal 
nanowire evolves with the variation of t, and show three 
different formations, such as 𝑠𝐿
1𝑎𝑠𝑈
1 , 𝑠𝐿
1𝑎𝑠𝑈
0  and 𝑠𝐿
0𝑠𝑠𝑈
0  at 
different metal core thicknesses. The black and red dashed-
dotted lines in main and inset of Fig. 8(a) and (b) show the 
𝑛𝑒𝑓𝑓, 𝐿𝑝 and MEA variations with t for a lower W = 600 nm, 
respectively. It can be observed that as t decreases the 𝑛𝑒𝑓𝑓 
decreases reaches a minimum value (nearly reach the 
background refractive index). Below W = 600 nm the PSM 
approaches to the cut-off and fields are mostly guided by the 
surrounding dielectric media. 𝐿𝑝 variations also indicate the 
modal evolution and a high 𝐿𝑝 value is obtained for W = 600 
nm. The 1D 𝐻𝑥 field plot along x-axis of the PSM for t = 100, 
40 and 20 nm at superstrate and substrate interfaces are shown 
in Fig. 9(a) and (b) by the green, red and blue solid lines, 
respectively. Based on the MEA and 𝐿𝑝 variations with t, one 
can divide those curves into three distinct sections which 
signify three different forms of the PSM. At lower t (20 nm), 
the blue field profiles at upper and lower interfaces show the 
𝑠1 distributions which couple to form a 𝑠𝐿
1𝑎𝑠𝑈
1  PSM. This 
mode exists for t = 10 to ∼ 30 nm. As t increases, its 𝑛𝑒𝑓𝑓 
reaches to a minimum value at t = 48 nm and then further 
increases slightly. On the other hand, the 𝐿𝑝 and MEA both 
possess maximum values at that thickness value when 𝑛𝑒𝑓𝑓 
shows its minima. This low loss and high mode effective area 
indicate that the modal confinement was mostly in the 
surrounding dielectric materials. The field profiles shown by 
the red lines at both the interfaces indicate that a 𝑠𝐿
1𝑎𝑠𝑈
0  mode 
exists over a thickness region t from ∼ 30 to 50 nm. The MEA 
at these two metal thicknesses, t = 30 and 48 nm are 0.21 and 
0.75 times of the diffraction limited mode area (𝜆2/4), 
respectively. Beyond that, both the 𝐿𝑝 and MEA decreases 
faster with increase of t. At t = 100 nm, the field variations 
shown by the green lines at both interfaces show a completely 
 
 
Fig. 8. SPP modal characteristics its evolutions with metal thickness (t) for a metal nanowire with a small index-difference (𝑛𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 = 3.5 and 𝑛𝑠𝑢𝑝𝑒𝑟𝑠𝑡𝑟𝑎𝑡𝑒  
= 3.3) in the cladding. The main and inset of (a) show the 𝑛𝑒𝑓𝑓 and 𝐿𝑝 variations of long range supermode, 𝑠𝑎
0 and 𝑎𝑎0 modes for fixed W = 1000 nm and 
600 nm shown by the solid and dashed-dotted lines, respectively. The solid blue and dashed-dotted lines in (b) depict the modal effective area (MEA) of 
supermodes for W = 1000 and 600 nm, respectively. (c), (d) and (e) denote the 𝐻𝑥 field evolution of the long range supermode for three different metal 
thickness, t = 100, 60 and 20 nm, respectively. W is fixed at 1000 nm. The operating wavelength is kept fixed at 1550 nm. 
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Fig. 9. Normalized 𝐻𝑥 1D field plot of the long range supermode for 
three different thickness, t = 100, 40 and 20 nm, shown by the solid 
green, red and blue lines, respectively. Corresponding mode effective 
area (MEA) are shown in (b). The metal nanowire width (W) is fixed at 
600 nm. The top (𝑛𝑠𝑢𝑝𝑒𝑟𝑠𝑡𝑟𝑎𝑡𝑒  = 3.3) and bottom (𝑛𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 = 3.5) 
interfaces field distributions are shown in sub-figures (a) and (b), 
respectively. 
 
 
Fig. 10. Variations of plasmonic supermode (PSM) parameters in non-
identical clad metal nanowire with core metal width (W) for different 
thickness, t = 20, 40, 60 and 80 nm shown by the black, blue, red and 
green lines, respectively. Variation of 𝑛𝑒𝑓𝑓 and corresponding 𝐿𝑝 
variations with W are shown in sub-figures (a) and (b), respectively. 
transformed nature of the PSM. The upper interface shows 
two symmetrical maxima at both the corners (𝑠0) whereas the 
bottom interfaces shows only one Gaussian distribution with 
field maxima at the middle. These individual interface 
distributions combined to form a 𝑠𝐿
0𝑠𝑠𝑈
0  PSM. In short, with 
increase of t, the top corner maxima exist throughout but the 
center minima vanish gradually, and for the lower interface 
the center maxima sustain but corner minima disappear. For 
lower W (600 nm) the left and right interfaces interact along 
with the upper and lower interfaces. Thus, the formed PSM 
shows evolution of field distributions along all the four metal-
dielectric interfaces in the both x and y-directions. 
    For the conditions studied above, the two other fundamental 
modes 𝑠𝑎0 and 𝑎𝑎0 did not show any modal evolutions. As t 
increases, its 𝑛𝑒𝑓𝑓 decreases in a rectangular hyperbolic 
nature. Same 𝑛𝑒𝑓𝑓 and 𝐿𝑝 variation indicates that both the 
modes propagate with almost same propagation constant and 
have almost similar modal attenuation. 
B. Mode Evolutions with Core Width (W) 
For a small cladding index difference, the width (W) 
dependent modal behaviors (𝑛𝑒𝑓𝑓 and 𝐿𝑝) of long rage PSM 
have also been studied for different t = 20, 40, 60 and 80 nm, 
depicted by the black, blue, red and green lines, respectively in 
Figs. 9(a) and (b). The PSM for t = 20 nm shows a distinct 
trend than other PSMs guided by a higher thickness. These 
also prove the evolution of PSMs with metal waveguide 
geometrical dispersion as already discussed in the previous 
section. The 𝑛𝑒𝑓𝑓 of PSM for t = 20 nm presented in Fig. 
10(a), by a black line, shows a hyperbolic variation whereas 
other PSMs supported by metal core of t = 40, 60 and 80 nm 
show an almost exponential decay to the surrounding 
refractive index. For a thin metal core (t = 20 nm) both the 
upper and lower interfaces provide a strong coupling that 
makes the mode field more localized and confined into metal 
core. Influence of metal loss makes the modal attenuation 
high, yielding a smaller 𝐿𝑝 (Fig. 10(b)) than others. It is also 
noticeable in Fig. 10(a) that the modes with thicknesses 40, 60 
and 80 nm are loosely confined so that they approach faster 
towards the background quasi-TEM mode i.e. cut-off. 
However, this is not similar for the PSM supported by t = 20 
nm as this is appeared to be a completely different mode.    
C. Mode Evolutions Depending on Cladding Index 
differences 
Besides the modal dependencies on the waveguide 
geometrical dimensions, the modal variations with different 
non-identical cladding conditions also have been investigated. 
The main and inset of Fig. 11 depicts the 𝑛𝑒𝑓𝑓 and 𝐿𝑝 
variations of different modes with the variation of superstrate 
refractive index (S-RI). The substrate material refractive index 
was fixed at 3.5 for these simulations. The solid and dashed 
lines indicate different modes for t = 100 and 20 nm, 
respectively. The metal width was kept fixed at W = 1000 nm 
for both the thicknesses. The corresponding 𝐻𝑥 field profiles 
of different guided modes at different conditions are shown in 
Figs. 11(a), (b), (c) and (d). The black, red, blue and green 
dashed lines indicate the 𝑛𝑒𝑓𝑓 and 𝐿𝑝 variations of supported 
PSM, 𝑠𝑎0, 𝑎𝑎0 and 𝑎𝑎2 modes, respectively for t = 20 nm, 
shown in main and inset of Fig. 11. The star marker indicates 
a long range 𝑠𝑠0 mode supported by this structure with 
 
 
Fig. 11. 𝑛𝑒𝑓𝑓 and 𝐿𝑝 variations of different plasmonic modes with 
superstrate refractive index (S-RI) shown by the main and the inset plots, 
respectively. The solid black, red, blue and purple lines indicate the PSM 
(𝑠𝐿
1𝑎𝑠𝑈
0), 𝑠𝑎0, 𝑎𝑎0 and 𝑠𝑎1 variations with S-RI, respectively for 
waveguide dimension, W = 1000 nm and t = 100 nm. The dashed black, 
red, blue and green lines and pink star denote the guided PSM, 𝑠𝑎0, 𝑎𝑎0, 
𝑎𝑎2 and 𝑠𝑠0 modal characteristics with S-RI for dimension, W = 1000 
nm and t = 20 nm. 
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attenuation 6.5 dB/mm only when the superstrate and substrate 
have the same refractive index 3.5. Here mostly the 
electromagnetic energy was guided by the background 
dielectric media. The black, red, blue and purple solid lines 
depict the 𝑛𝑒𝑓𝑓 and 𝐿𝑝 variations for PSM, 𝑠𝑎
0, 𝑎𝑎0 and 𝑠𝑎1 
modes, respectively for t = 100 nm, shown in main and top 
inset of Fig. 11. The PSM (𝑠𝐿
1𝑎𝑠𝑈
1 ) guided by the waveguide 
with t = 20 nm sustained over the whole S-RI range and 
evolved into the 𝑠𝑎1 as both the upper and lower cladding 
have the identical refractive index, shown by the black dashed 
lines. On the other hand, the PSM (𝑠𝐿
1𝑎𝑠𝑈
0  in Fig. 12(c)) for t = 
100 nm reached to cut-off much faster at S-RI = 2.8, shown by 
the solid black lines. Thus, the PSM (𝑠𝐿
1𝑎𝑠𝑈
0) supported by the 
t = 100 nm exists for small index difference of the 
background, shows a much lower modal attenuation and 
longer propagation length compared to the PSM that 
supported by t = 20 nm. With identical background, this mode 
completely evolves into 𝑠𝑠0 mode. The other two modes 𝑠𝑎0 
and 𝑎𝑎0 for t = 20 nm propagates with almost the same 
propagation constant with S-RI variations. Besides, for t = 100 
nm these two modes have different propagation constants. The 
dominant 𝐻𝑥 field profiles of these two modes (when 
𝑛𝑠𝑢𝑝𝑒𝑟𝑠𝑡𝑟𝑎𝑡𝑒 = 1.0 and 𝑛𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 = 3.5) are shown Fig. 12(a) 
and (b), respectively. In case of a large cladding index 
difference the fields were mostly guided by the substrate with 
higher refractive index. A higher order mode 𝑎𝑎2 (Fig. 12(d)) 
guided by t = 20 nm metal core shows its cut-off at S-RI = 2.8. 
The 𝑠𝑎1 (Fig. 2(f) like) and 𝑎𝑠0 (Fig. 2(b) like) modes are also 
guided by t = 100 nm metal core for very small cladding index 
difference.  
VI. CONCLUSIONS 
For this study, we have modified our previous penalty 
approach to consider waveguides which contains both positive 
and negative dielectric constants, to eliminate the spurious 
modes more efficiently in the characterizations of plasmonic 
modes. A detail modal investigation has been carried out to 
study nanoplasmonic modal behavior of guided modes 
supported by a simple metal (Ag) film embedded into 
dielectric background materials. Plasmonic modes have higher 
effective indices than the surrounding cladding refractive 
index. As they approach to cut-off, the mode fields spread into 
cladding region and plasmonic modes evolve into background 
quasi-TEM mode which leads to a reduction in mode 
propagation loss. Depending on different light guiding 
conditions long and short range plasmonic fundamental and 
higher order modes have been studied. The 𝑠𝑠0 and 𝑎𝑠0 are 
the long-range modes for metal core bounded by identical 
cladding. At different cut-off conditions (W = 200 nm, t = 40 
nm and W = 1000 nm, t = 15 nm), the 𝑠𝑠0 shows a much 
lower attenuation of 8.9 dB/mm and 2.4 dB/mm compared to 
other guided modes. As the cladding becomes non-identical, a 
long range PSM appears due to coupling of different 
individual modes of all four metal-dielectric interfaces when 
they travel with similar propagation constant. An interesting 
notable modal evolution of this PSM was observed with its 
dimensions. A small thickness of metal film causes a strong 
upper and lower interface modal coupling which results a 
prominent modal evolution from 𝑠𝐿
1𝑎𝑠𝑈
0  to 𝑠𝐿
1𝑎𝑠𝑈
1  for W = 
1000 nm. On the other hand, for a smaller and near cut-off 
metal width (W = 600 nm) three different types of PSMs 
appeared due to modal coupling from all the four interfaces 
 
 
Fig. 12. The 𝐻𝑥 field distribution of different plasmonic modes of non-identical clad plasmonic waveguide simulated by FV-FEM, (a) and (b) depict the 𝑠𝑎
0 
and 𝑎𝑎0 field distributions for large index difference in the background (𝑛𝑠𝑢𝑝𝑒𝑟𝑠𝑡𝑟𝑎𝑡𝑒 = 1.0 and 𝑛𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 = 3.5) for metal thickness, t = 100 nm, (c) and (d) 
show the field distributions of s𝐿
1asU
0  PSM and 𝑎𝑎2 when 𝑛𝑠𝑢𝑝𝑒𝑟𝑠𝑡𝑟𝑎𝑡𝑒  = 3.0 and 𝑛𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 = 3.5 for metal thickness, t = 100 and 20 nm, respectively. Metal 
width (W) is fixed at 1000 nm. 
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which makes the evolution process more complex. In that 
case, a comparative low modal attenuation with a large 𝐿𝑝 was 
observed at a particular metal thickness, t = 48 nm. 
Additionally, surrounding dielectric cladding materials also 
influence the modal evolutions. Optically dense media confine 
and localize more light to the metal-dielectric interfaces than 
the optically lighter media. This also results in increase of 
MEA with the reduction of cladding index.  
Thus, the numerically investigated bounded SPP modal 
analyses of a simple Ag nanowire successfully demonstrate 
the usefulness of our proposed divergence modified FV-FEM. 
Besides, these attractive nanoplasmonic modal natures with 
different light guiding conditions gives intuitive ideas in 
design and fabrication of complex plasmonic devices, such as 
logic gates, switch, BUS router, modulator and nanowire laser. 
An appropriate selection of background dielectric materials 
and metal nanowire design parameters could lead to control 
the long-range subwavelength confined plasmonic modes and 
their incorporation in compact integrated plasmonic and 
hybrid plasmonic active and passive nanophotonic circuits 
[21], [22], polarization controlling devices [7], [22], nonlinear 
[23] and sensing [8], [9], [22], [24] applications.   
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